Introduction
In the last decade or so, research guided by the Developmental Origins of Health and Disease (DOHaD) paradigm and related theories has grown rapidly (Bateson and Gluckman 2011; Hanson 2005, 2006; Rosenfeld 2008) . While the original idea of delayed adult effects of early childhood conditions has been around for quite some time and in very disparate strands of the literature (Derrick 2006; Frost 1939; Kermack, McEndrick, and McKinlay 1934; Preston and van de Walle 1978) , it was Barker's work on "fetal programming" that provided the initial impetus for the creation of what is now a very active field of empirical research (Barker 1998 (Barker , 2012 Hales and Baker 2001; Lucas 1991) . Ecological and epidemiological studies, natural experiments, as well as animal studies under controlled conditions, provide an array of evidence supporting DOHaD's key predictions. However, the implications of DOHaD for aggregate population patterns of human health, disability, and mortality have been neither rigorously formulated nor empirically tested. In this paper we contribute to fill this vacuum. First, we rely on a formal model of relations between early conditions and adult health and mortality conjectured by DOHaD to derive a handful of predictions. Second, we use a long time series of cohort mortality in countries of the Latin American and Caribbean (LAC) region, whose populations, we argue, are primed to manifest the impact of early conditions, to test two of the model predictions. The plan of the paper is as follows: In Section 2 we briefly review mechanisms posed by DOHaD and related theories. Section 3 describes implications of delayed effects for human adult mortality patterns. Section 4 presents predictions and conditions of observability. Section 5 describes selected characteristics of our case study. Section 6 reviews the data and models. Section 7 discusses results and draws inferences. In the final section we summarize, highlight limitations, and identify future lines of research.
Because these mechanisms are complex and their biological underpinnings are poorly understood, we are ill-equipped to trace precisely the pathways from exposure to final outcomes at the level of individuals, let alone discern different effects for entire populations. Thus, it is inevitable to embark on the initial investigation of population level impacts of delayed effects ignoring differences between mechanisms and focus only on their gross, overall impact on patterns of health and mortality. Although this is a simplification to circumvent lack of precise knowledge about the processes involved -not unlike omitting considerations of mediating pathways in causal analysis -it has an important payoff in that it enables us to identify the nature of processes that must be elucidated to understand long-term impacts irrespective of the mechanism conveying adult health manifestations. Given this simplification, and for the sake of terminological compactness, we adopt two abbreviations throughout. First, we use the term 'delayed effects' as shorthand for 'delayed adult health, disability, and mortality effects' associated with one or multiple mechanisms that link early conditions and adult diseases and mortality, irrespective of the nature of the chronic illness(es) involved. Second, we use the acronym DET (Delayed Effects Theories) as shorthand to refer to DOHaD and related theories, regardless of differences between the mechanisms that each of them prioritizes. We are mindful of the heterogeneous nature of this body of theories and, when precision is needed, we will abandon the shorthand.
Implication of delayed effects for human adult mortality patterns
Assume that one or a combination of DET theories conjecturing the existence of delayed effects associated with early exposures is correct. The question of interest for population health sciences is about the implications of different regimes of early exposures for population levels and patterns of adult health, disability, and mortality: If birth cohorts in different populations are exposed to heterogeneous regimes of early adverse conditions, how are these manifested in adult age patterns of morbidity, disability, and mortality? This question has been addressed before but at different levels of aggregation. Thus, there are well-known studies of adult effects of exposures to exceptional shocks among members of single birth cohorts, such as the survivors of famines (Lumey et al. 2012) , and those exposed to natural disasters (Cao-Lei et al. 2014) , and epidemics (Almond 2006) . In addition, there is a rich body of epidemiological studies on the impact of more gradual, less acute, early experiences among individual members of single birth cohorts (Kuh and Ben-Shlomo 1997) .
The approach we adopt in this paper is different from those above in that we focus on outcomes for entire populations. First, we formulate precisely the question posed at the outset by resorting to a formal model of DET that yields predictions about expected impacts of birth cohorts' early experiences on their adult mortality patterns. These pre-dictions are for entire populations, not for single individuals. Second, we focus on the historical experience of about 25-30 birth cohorts in each of 18 populations in LAC. As a strategy to identify footprints of adverse early conditions on adult mortality patterns, we exploit heterogeneity of early childhood mortality to which these birth cohorts were exposed. The formal model helps us to define precisely distinct features of adult-age patterns of mortality that should be observed if DET theories are correct; that is, it specifies expected manifestations of a cohort's adverse early exposures on their adult mortality patterns. The model also identifies empirical conditions that must be met for an observer to be able to detect such impacts in commonly available empirical data. In the section below we review these predictions and identify the empirical conditions.
Predictions and conditions of observability
We seek answers to the following question: How do age patterns of adult mortality in populations influenced by early conditions differ from those in which early conditions have no bearing on adult mortality? To provide answers, we formulate a model that defines with precision the most important relations between early exposures and different cohorts' late mortality. These relations are simplified representations of multiple mechanisms proposed by DET theories and a summary of them is included in Appendix 1. 5 An important feature of the model is the distinction between background and observed age patterns of mortality. A population's background mortality pattern is the set of age-specific death rates to which successive birth cohorts are exposed throughout their lives in the absence of delayed effects. It is a function of a fixed standard set of agespecific mortality rates that applies to all birth cohorts and a drift or mortality decline that reduces the level of mortality rates at all ages for successively born cohorts. In the absence of delayed effects, all birth cohorts should experience a fixed rate of senescence (rate of growth of adult mortality rates or Gompertz slope) and exhibit a fixed relation between mortality at early and older adult ages, both embedded in the background pattern of mortality.
A birth cohort's observed mortality pattern, on the other hand, is what the investigator would retrieve and measure from vital statistics. In the absence of delayed effects, background and observed age patterns of mortality should be identical. However, the presence of delayed effects will generate differences between background and observed mortality patterns, much as changes in the composition of a cohort by frailty induces differences between the baseline and the average, observed age pattern of mortality (Vaupel and Missov 2014) . For delayed effects to be observable, however, the background mortality pattern must be disturbed by a mortality decline so that more recently born birth cohorts experience better survival prospects at all ages, particularly in early childhood. Stationary mortality levels will not produce observable signs of delayed effects in aggregate mortality data even if individual members of birth cohorts are affected by them Beltrán-Sánchez 2016, 2017) .
Predictions
We focus on two of the five predictions generated by the formal model.
Prediction 1: On changes on the rate of adult mortality decline
Under some conditions we describe in detail below, a secular mortality decline generates a growing influx of surviving individuals at all ages who are more susceptible to express delayed effects after attaining some (adult) critical age. As a consequence of this, the observed pace of adult mortality decline of successive birth cohorts will decelerate and drop below the rate of background mortality decline.
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Prediction 2: On distortions of the age pattern of mortality If and when the secular mortality decline generates a growing influx of survivors primed to expressed delayed effects, the relation between early childhood and adult mortality rates will change as follows: (2.1) The observed within-cohort association between child mortality and adult mortality will decline in absolute value even if the association in the background mortality regime remains invariant. (2.2) The observed within-cohort association between child mortality and the adult mortality slope (rate of senescence of the age pattern of mortality) will be attenuated and converge to zero among the more recently born cohorts even though the older adult background mortality pattern remains invariant.
An additional implication of the model (prediction 3) that helps us leverage data to test predictions 1, 2.1, and 2.2 is the following: Differences between observed and expected patterns implied by these predictions must be more pronounced in populations whose mortality decline is more rapid, more strongly dependent on survival gains at very young ages, and driven by reduction of fatality rates of communicable diseases rather than by amelioration of standards of living, better maternal health, and improved maternal and child nutrition.
Conditions for the observability of delayed effects
The manifestation of delayed effects on mortality patterns -differences between observed and background mortality -will be detectable only if some conditions are met. The first three conditions are 'hard' in that, when not met, there will be no observable traces of delayed effects on adult mortality patterns. The last condition is 'soft' and, if not met, the signals of delayed effects will be dimmer but not necessarily absent.
(1) Survival to critical ages:
A nontrivial fraction of members of a birth cohort who experience early insults survive beyond some critical age Y 1 after which manifestations of the original damage begin to unfold, e.g., if Y 1 is too high, there will be weak or no observable delayed effects. (2) Growing fraction of infant and children surviving to critical ages:
The (background) secular mortality decline is sustained by improvements in infant and child survival that increase the fraction of successive cohorts surviving to critical ages, e.g., if mortality improvements influence only older adult mortality, no delayed effects will be observed in aggregate data. Some types of child mortality decline are stronger promoters of increased adult susceptibility to delayed effects than others. Thus, a mortality decline whose root cause is reductions of fatality rates of communicable diseases, more so than improvements in nutritional status or declining exposure to diseases, promotes increases in the adult prevalence of individuals who were exposed to early nutritional deprivation and/or to repeated bouts of illnesses. These types of secular mortality declines are characteristic of post-1950 low-and middle-income countries in general and LAC in particular (Palloni and Pinto 2011; Preston 1980) . (3) Moderately sized excess fatality rates:
Delayed effects must be associated with higher than average morbidity or mortality risks for a broad range of illnesses and conditions with nontrivial impacts. (4) Neutral improvements of medical technology:
The beneficial effects related to mortality (morbidity) of medical improvements adopted between the time of onset of each birth cohort's early experiences and the time at which its members attain the critical age Y 1 fail to offset excess mortality risks due to chronic illnesses associated with delayed effects.
A schematic summary of these conditions is in Table 1 . The first two conditions are straightforward. Adult delayed effects will only be observable if a significant fraction of those who are most susceptible to express them survive beyond ages at which delayed effects manifest themselves.
Because it is likely that individuals most exposed to adverse early conditions are those who also experience more elevated mortality risks than the average, the condition requires that the excess mortality that these subpopulations experience (perhaps in adolescence or later but before critical ages) is not offset by gains associated with the secular mortality decline. Only when there is a nontrivial offsetting effect will we observe an increase in the proportional contribution of individuals most exposed to adverse early conditions to the population surviving past a critical age.
The second condition requires that successive birth cohorts experience gradual increases in the fraction of individuals most susceptible to express delayed effects who survive to critical ages. The third condition states that delayed effects are irrelevant if they are expressed only via rare diseases and disorders or by illnesses with low fatality rates. Finally, the fourth condition requires that gains in adult survival due to medical improvements that reduce fatality rates of chronic illnesses associated with delayed effects should not swamp the expected excess mortality triggered by them. While the first three conditions are likely to be met in populations that experienced secular mortality declines such as those in LAC countries, the last one is less so. As a consequence, unless the impacts of medical improvements are accounted for, estimates of the magnitude of delayed effects on mortality will always be understated. Table 1 :
Conditions for observability of delayed effects on adult mortality patterns
Condition
Expected effect of the condition 1. Survival to critical ages is nontrivial The probabilities of surviving to critical ages must be nontrivial or, equivalently, the critical ages cannot exceed certain ages for which survival probabilities are very low. 2. Nature of secular mortality decline Successive increases in the fraction of adult population who survived past critical ages and experienced early deprivation.
Magnitude of adult fatality rates
The fatality rates of chronic illnesses associated with deprivations experienced early in life are nontrivial.
Influence of medical technology
The magnitude of reduction in fatality rates associated with adult chronic illnesses affected by early conditions is not large enough to offset increases due to a larger influx of population susceptible to them by virtue of their earlier experience.
7 It should be noted that the fourth condition applies only to mortality. If one is assessing the impact of early conditions on the prevalence of chronic illnesses rather than fatality rates, the condition does not apply. For example, it is known that poor nutrition in utero may prime individuals for adult metabolic disorders. If the excess mortality implied by some of these disorders (e.g., T2D) is offset by medical improvements, the impact of an increased flow of individuals who experienced in utero deprivation will not be observable. But, regardless of how beneficial medical technologies that reduce T2D fatality rates are, the prevalence of T2D will increase.
Implications of delayed effects: A summary
The discussion above suggests that in populations susceptible to delayed effects that meet a handful of conditions, cohorts' adult mortality patterns may experience deformations (Fridlizius 1989) . When mortality decline occurs in a population primed for delayed effects (e.g., with a significant pool of susceptible individuals), the potential exists for large, albeit lagged, increases of the fraction of individuals surviving past the critical age Y 1 who are scarred by adverse early experiences. To the extent that these experiences manifest into adult mortality excesses, they will result in reductions of the rate of change of adult mortality for the corresponding birth cohorts. This could halt or slow down improvements in adult mortality even if background mortality is declining at a constant rate. In addition, the rate of age-dependent growth of older adult mortality will change over time even if the age pattern of background mortality is invariant. In the very long run, when the effects of improvements of mortality before critical ages run their course, these deformations of cohort mortality will subside and a new background mortality pattern with no memory of past experiences will be established. The expected deformations of birth cohorts' adult mortality patterns described above are analogous to those produced by changes in composition by frailty in the absence of delayed effects. The difference between the two regimes is that while changes in composition by frailty with no delayed effects can never reverse a mortality decline and leaves imprints in the rate of decline of mortality rates at all ages, the impact of delayed effects could reverse a mortality decline but will do so only at ages older than the critical age.
Finally, although we do not investigate it in this paper, the impacts alluded to above may be amplified if, as is the case in most low-to middle-income countries, there are rapid and profound dietary and lifestyle changes that increase discordance between embryonic, uterine, and post-birth environments (Bateson et al. 2004; Bateson and Gluckman 2011) . Birth cohorts who experience such discordance could be exposed to more severe adult expression of delayed effects than when there are long time lags between the experience of deleterious pre-conception, embryonic, or fetal environments and profound shifts in post-natal conditions.
Case study
We test predictions using the mortality experiences of countries of the Latin American and Caribbean (LAC) region during the period 1900-2015. The main attributes of the mortality decline in the LAC region potentiate the expression of delayed effects and provide some opportunities to detect evidence of perturbations of cohorts' mortality patterns described in predictions 1, 2.1, and 2.2.
Mortality decline in LAC
Two features of mortality decline in LAC are of interest. First, it was fast, and its initial driver was a disproportionate reduction of early childhood mortality. As Figure 1 shows, the contours of child mortality decline in three groups of LAC countries: forerunners, intermediate, and laggards (see definitions below). Second, the bulk of the decline that affects cohorts born between 1935 and 1970 is associated with the post-1935 wide dissemination of sulfas, penicillin, antibiotics, and eradication of parasitic diseases. Any change in mortality before the widespread dissemination of sulfas and antibiotics (roughly before 1935/1940) must be associated with either improvements in standards of living (housing, nutrition), advances in infrastructure (water, sewage, electricity), or massive public health interventions (eradication campaigns). These changes improved survival by changing maternal and fetal nutrition and by diminishing the risks of exposure to and contraction of infectious and parasitic diseases. Cohorts born after 1935 in countries that had not yet experienced these structural changes benefitted mostly from survival gains associated with diffusion of chemotherapies. Of lesser importance were changes in conditions that influenced maternal and fetal nutrition or the opportunities for exposure to infectious and parasitic diseases. Thus, being born after 1935 is tantamount to being exposed to a 'treatment' that could result in increases in the fraction of a birth cohort's adult survivors who are more susceptible to expressing delayed effects. This change occured because these cohorts benefitted from survival gains even if their exposure to adverse conditions (early nutrition, maternal health, diseases, ecology) remained largely unchanged. Previous research suggests that a fraction exceeding 40-60% of the mortality decline that followed the end of World War II in LAC is due to the dissemination of new medical technologies that first reduced the fatality rates of communicable diseases and then helped to attenuate exposure to them (vaccination and eradication campaigns) (Palloni and Pinto 2011; Palloni and Wyrick 1981; Preston 1980) . Timing of birth (pre-and post-1935) is an appealing but very blunt indicator of a cohort's potential to manifest delayed effects. A more useful indicator can be constructed by combining the timing of birth with the cohort's country of origin. This is because LAC countries experienced two very different regimes of mortality decline. A group of countries ('forerunners') began an early mortality decline that was fueled throughout, except perhaps in late stages after 1970, by socioeconomic improvements, including amelioration of standards of living, infrastructure, and sanitation. In contrast, the mortality decline in a second group of countries ('laggards') begins much later and, except at its tail end, is mostly driven by dissemination of antibiotics and eradication campaigns. All post-1950 birth cohorts are influenced to some degree by the advent of new medical technologies, but those born in laggard countries are much more influenced than those born in forerunner countries (Palloni, Beltrán-Sánchez, and Pinto 2016) . Thus, combining timing of birth and country of origin leads to a more useful, albeit still primitive, indicator of a cohort's potential to manifest delayed effects. 
Classification of birth cohorts
Following the above discussion and to facilitate testing of the two global predictions, we classify birth cohorts according to two criteria. The first criterion is the cohort's year of birth. Child survival of cohorts born early in the century (before 1935) could not possibly have benefited from factors other than improved nutrition and sanitation and are less likely to manifest delayed effects. Instead, cohorts born more recently, particularly after the end World War II, are more likely to have experienced substantial gains due to medical innovations, in some cases in combination with improvements in standards of living. The second criterion is whether or not a cohort's country of birth experiences the onset of a secular mortality decline before or after the widespread application of medical technologies (circa 1935) . This is a device to distinguish epidemiological regimes where it was possible to attain gains in survival through improvements in standards of living (forerunner countries whose mortality decline began circa [1925] [1926] [1927] [1928] [1929] [1930] [1931] [1932] [1933] [1934] [1935] from those where the onset of mortality decline followed the dissemination of new medical technologies (laggard countries whose mortality decline began after [1945] [1946] [1947] [1948] [1949] [1950] . The former countries' mortality decline is more gradual and less dependent on improvements in childhood survival. The latter countries' mortality decline is sharper and tightly connected to reductions of infant and child mortality. These two criteria -a cohort's timing of birth and the country's timing of the onset of mortality decline -lead to a simple classification of birth cohorts under observation, portrayed in Figure 2 . Cohorts in quadrants A and B include forerunner countries (N = 9) that begin their mortality decline early in the century, certainly before 1935 ( Figure 1) ; countries in quadrants C and D include laggard countries (N = 9) whose mortality decline begins in earnest only after 1950. The main contrast is between birth cohorts in Quadrant A and Quadrant D. A second, albeit weaker, contrast is between birth cohorts in Quadrants C and D. This classification is a crude tool but offers us some leverage to identify birth cohorts with higher (lower) 'propensity' to experience the imprints of delayed effects. Note: 1. Argentina, Chile, Colombia, Costa Rica, Cuba, Mexico, Panama, Uruguay, Venezuela. 2. Brazil, Dominican Republic, Ecuador, El Salvador, Guatemala, Honduras, Nicaragua, Paraguay, Peru. 3. Birth cohorts belong to 18 countries, and in each quadrant, we include cohorts for which we observe mortality before age 65.
6. Materials, models, and methods
Data
We use the Latin American Mortality Database, LAMBdA (http://www.ssc.wisc.edu/ cdha/latinmortality), which documents the history of mortality in LAC countries after independence. The data is for the period between 1848 and 2014 and contains about 500 life tables. The information to compute life tables for the period 1930-2010 are agespecific death rates adjusted for relative completeness of death registration as well as for adult-age overstatement. These life tables are available yearly. Life tables for most countries before 1930 are based on the application of generalized stable population to partial vital statistics and census information. Yearly life tables for the period before 1950 are available for a handful of countries only (N = 10). In all other cases we estimate life tables every five or ten years. To fill in yearly missing data before 1930, we use splines with three and four knots fitted to single age-specific mortality rates. Merging all the data results in a set of calendar year and gender-specific (period) life tables in single-year ages for the period 1870-2010. Cohort life tables, starting with those born in 1900, are computed by chaining together age-specific rates of period life tables. Life tables for birth cohorts born after 1900 contain variable right censoring of mortality experiences: If we close the life tables with the open age group 85+, there is no censoring for birth cohorts born before 1925 and maximum censoring among birth cohorts born after 1965 whose adult mortality experience is truncated at age 45. To graphically represent birth cohorts and the adult experience included in our analysis, Figure 3 shows a Lexis diagram of cohorts' life courses captured in this study. Cohorts born after 1965 offer minimal coverage of adult mortality and are ignored. Cohorts born after 1940 and before 1965 are right censored, and we only observe mortality up to some upper age limit, 70 to 75 for those born in 1935 and 40 to 45 for those born in 1965. Limited observability of adult mortality rate is, of course, an important limitation of our empirical analysis. We also use the Human Mortality Database (HMD). We select five populations (England and Wales, France, Italy, Norway, and Sweden) and perform placebo tests to gauge the relative importance of delayed effects in the LAC region in contrast to populations of Europe and North America. 
Models and methods

Prediction 1
One way to test Prediction 1, is to contrast rates of change of mortality rates for successive births cohorts at selected adult ages (40-59, 40-64, and 40-69) . We expect that the rate of decline in countries most susceptible to experience delayed effects will decline for younger cohorts, particularly among those born after 1935. By the same token, birth cohorts born after 1935 or so should experience stronger deceleration than cohorts born before 1935.
Prediction 2.1
To test the prediction 2.1, we first estimate parameters of the relation between changes in cohorts' child mortality at young ages and changes in their adult mortality. Graphs of these relations are in Figure S -1 in Supplemental Material I. We use two approaches: First, we estimate a linear regression model for the log of cohorts' adult mortality rates at ages (x, x + k), M i (x, t), as a function of the log of their child mortality rates (ages 0 to 4), M i (0, t):
where t is the calendar year of birth of the cohort and i is an index for country. The regression coefficient β is the proportionate change in adult mortality of a cohort given a unit-proportionate change in its child mortality. In populations with a secular mortality decline where changes are proportionate at all ages, the value of β should be identical for all cohorts. Differences across populations will reflect heterogeneity in the pace of mortality decline. However, when there are delayed effects for some cohorts but not for others, the regime in Equation (1a) will systematically differ across cohorts (and populations). In particular, we expect that estimates of β should be lower in cohorts primed to express delayed effects. To verify that this is the case, we estimate country-specific parameters of model 1a for three adult age groups (40-59, 40-64, and 40-69), and we do so separately for cohorts born before and after the year 1935. Prediction 2.1 points to strong contrasts between estimates of the slope parameter in the younger and older cohorts, on one hand, and in forerunner and laggard countries, on the other. We use a second approach that consists of estimating a similar model to Equation (1a) using a mixed model framework (multilevel). Models are estimated separately by age group, sex, and stage of demographic transition (e.g., forerunner and laggard):
Level 2:
where: i is cohort and j is country, r ij is a normally distributed error with homogeneous variance across countries, a 0j and β 1j vary across countries in level-2, γ 00 represents the mean log mortality rate for cohorts born before 1935, γ 01 represents the difference in the mean log mortality rate between cohorts born before and after 1935, γ 10 represents the mean proportionate change in adult mortality for cohorts born before 1935 given a unitproportionate change in child mortality, and γ 11 represents the difference in the mean proportionate change in adult mortality between cohorts born before and after 1935 given a unit-proportionate change in child mortality, u 0j and u 1j are multivariate normally distributed with means of zero and conditional variance-covariance components after controlling for cohort's year of birth; in other words, they represent residual dispersion in a 0j and β 1j after controlling for cohort's year of birth.
Of particular importance for prediction 2.1 is the parameter γ 11 , a measure of differences in proportionate changes in adult mortality between cohorts.
Prediction 2.2
To falsify prediction 2.2, we implement two tests. The first rests on estimation of the following model:
where GS i (t) and M i (0, t) are, respectively, the Gompertz slope and child mortality rates for a cohort born in year t in population in country i. Model 2 is estimated for each country and separately for cohorts born before and after 1935. Prediction 2.2 suggests that estimates of the slope in model 2 will be attenuated in more recently born cohorts, particularly in laggard countries. The second test depends on the following consideration: Suppose we do indeed observe a reduction in slopes in model 2 in LAC countries. It may be the case that such reduction is induced by conditions other than by the presence of delayed effects, perhaps related to factors that drive most secular mortality declines, and are omitted from the model. If this were the case we should observe a similar pattern in populations that also undergo secular mortality declines but where we do not expect delayed effects to be influential. Most countries in Western Europe experienced a mortality decline with an onset circa 1850, long before the introduction of medical technology. It was gradual and driven by changes in sanitation, housing, and -most importantly -improvements in nutritional status. In these cases, we would expect that estimates of model 2 reveal similar shifts to those observed in LAC but only because they are the result of other features of a secular mortality decline, not the consequence of delayed effects. Otherwise, the relations estimated for birth cohorts in these European populations should yield higher predicted values of GS(t) for cohorts experiencing a given value of M(0, t) than do parameter estimates in LAC for cohorts with identical values of M(0, t). The placebo test consists then of computing values of GS i (t) in LAC birth cohorts predicted from model 2 but with parameters estimated in countries of Northern and Western Europe. To carry out this test, we estimate model 2 using mortality data for the five HMD countries mentioned before. 
Results Prediction 1
We test Prediction 1 using rates of change of mortality rates for successive births cohorts at adult ages (40-59, 40-64, and 40-69) . Table 2 displays the frequency of cases that agree with the prediction (that is cases where the rate of change of age-specific mortality rates at adult ages for a birth cohort are lower than for the preceding cohort). With one exception, (males at ages 40-59), birth cohorts born after 1935 exhibit stronger deceleration in the rates of change of mortality rates than those born before 1935. In addition, the magnitude of deceleration in cohorts born in laggard countries is larger than observed in forerunners. For example, in about two-thirds (66%) of cases corresponding to female birth cohorts born after 1935 experienced deceleration of the rate of change of mortality rates at ages 40-64. The figure for those born before 1935 is 54%. Moreover, and as expected, the fraction of cases that conform with the prediction increases with age. For example, a comparison of changes in mortality rates in the age group 40-64 against those in the age group 40-59, consistently reveals a higher fraction of cases with deceleration in cohorts born after 1935. In addition, the observed differences are larger in cohorts born after 1935. These patterns are less consistent for the age group 40-69, but the number of uncensored birth cohorts that enter into the calculations is, in this case, quite low and comparisons accordingly noisier. In sum, although the statistical power of the test is admittedly modest, the observed patterns agree with all expectations.
Prediction 2.1
According to prediction 2.1 the regression coefficients of model 1a are expected to be of lower magnitude for the more recently born cohorts and for populations more likely to express delayed effects. Similarly, γ 11 in model 1b is expected to be negative -implying lower magnitude among recently born cohorts. To estimate models 1a and 1b while maintaining acceptable sample sizes, we choose adult age groups 40-59, 40-64, and 40-69. This choice is not optimal to assess the full-blown impact on adult mortality since, due to right censoring of cohorts' mortality experiences, we only capture effects in the youngest part of their adult life, when morbidity and mortality risks are less severe. If the model is correct, this choice of age groups will lead to understate the effects of interest. Tables S-2 Table 3 are all positive confirming a finding in high income countries, namely, that a cohort's relative gains (losses) in early child survival tend to be preserved or augmented at older adult ages (Finch and Crimmins 2004) . Furthermore, with two exceptions (males in Argentina and Uruguay), the magnitude of the regression coefficients for the more recent cohorts (born after 1935) declines over time as expected and, in some cases, substantially so. Results from model 1b in Table 4 provide additional supporting evidence as they confirm a statistically significant decline in the regression coefficients for cohorts born after 1935 with larger reductions among cohorts in laggard countries.
What practical implications does the generalized decrease in slopes among younger birth cohorts have? An appealing interpretation is the following: Since the slope in model 1a is an estimate of the expected change in a birth cohort's adult mortality conditional on the cohort's change in child mortality, we can translate (approximately) the estimate of the slope into gains in years of life expectancy at age 60 implied by the cohort's child mortality changes. Cohorts endowed with smaller slopes are expected to experience smaller gains in life expectancy at age 60 than cohorts with higher slopes for a given change in their child mortality. In other words, birth cohorts exposed to delayed effects that reduce the magnitude of the slopes will experience 'foregone' gains of life expectancy at age 60. The formal justification for this computation and the expressions used to generate estimates and 95% CI's are in the Appendix 2. Table 5 displays proportionate years of life expectancy at age 60 that cohorts born before and after 1935 would gain over a period of 20 years given a decline of 1% per year in their child mortality (Columns 1 and 2). Column 3 displays the ratios of values for the younger (Column 2) to the older (Column 1), Column 4 shows the 95% CI (approximates), Column 5 displays years of life expectancy gains foregone, and Column 6 includes the corresponding 95% CI (approximated). For example, in Peru the ratio for males is 0.68 (1.361/2.002), indicating that the younger cohorts experience gains in life expectancy at age 60 about 68% as large as the gains in the older cohorts given identical changes in early childhood mortality rates. Figure 5 is a box plot of estimated years of life expectancy at age 60 foregone among younger cohorts (Column 5 of Table 5 ) by cohort, sex, and type of country. To place these quantities in perspective, consider the following: The average LAC's female life expectancy at age 60 in the year 2000 was of the order of 18 years and, according to projections, it is expected to increase to about 21 years in the year 2020, a gain of about 3 years (17%) (United Nations 2017). The more recent female birth cohorts in Peru would only gain approximately 1.92 of these three years or, equivalently, would experience 1.08 years of gains of the projected total (Table 5 , column 5). This is about 6% of the baseline life expectancy at age 60 in the year 2000. It is worth noting that the order of magnitude of these estimates is somewhat lower than estimates of mortality penalties associated with delayed effects obtained with completely different procedures by other researchers (Palloni and Souza 2013) . 
Male
There are two problems with this evidence. The first is that prediction 2.1 is not perfectly satisfied. According to this prediction, birth cohorts in countries whose mortality decline started earlier should manifest the expected pattern -discordance of gains between older and younger cohorts -more weakly than do birth cohorts in laggard countries. However, the results from the multilevel model corroborate this expectation as the parameter γ 11 is always smaller in forerunner countries except in a few cases for the age group 60-69. Also, the years of life expectancy gain foregone by younger cohorts are indeed larger in laggard countries even though males appear to be more affected than females ( Figure 5 ).
The second, and deeper, problem is one of interpretation: While the observed discordance between older and younger birth cohorts could be a result of delayed effects, other mechanisms may also account for the finding. We return to this issue latter in the paper. Note: Level 1: ln(M i j (x, t)) = a 0j + β 1j ln(M i j (0, t)) + r i j ; Level 2: a 0j = γ00 + γ01(Born after 1935) + u 0j ; β 1j = γ10 + γ11(Born after 1935) + u 1j . * * * p < 0.001, * * p < 0.01, * p < 0.05. See text for a full description of the model parameters. Note: Columns 1 and 2 are for proportionate gains in life expectancy at age 60 associated with a 1% decline in child mortality in cohorts born before and after 1935. Column 3 is for the ratios of proportionate gains of cohorts born before and after 1935. Column 4 is for the 95% confidence intervals of estimates in column 3 (approximated using delta method; see Appendix 2). Column 5 is for the number of years of life expectancy at age 60 foregone by the cohorts born after 1935. Column 6 is for the 95% confidence interval of quantities in column 6 (approximated using delta method; see Appendix 2).
Prediction 2.2
Prediction 2.2 is about the within-cohort relation between early childhood mortality and the slope of adult mortality rates. According to this prediction, we expect that more recent birth cohorts, those most vulnerable to the influence of delayed effects, should experience downward shifts in the adult mortality slope conditional on their childhood mortality experiences. A corollary leads to a placebo-type test: The rate of senescence in birth cohorts highly primed for the expression of delayed effects should be smaller than expected in populations that are less primed to express delayed effects.
To implement the test, we rely on mortality patterns in five European countries included in the Human Mortality Database, estimate model 2, and then use these estimates to predict expected Gompertz slopes in each of the birth cohorts in LAC, given their levels of child mortality. The expectation is that the predicted slope will be larger than the observed one. Global prediction 2.2 is that differences between predicted and observed values will be larger for cohorts born after 1935 and in countries with a mortality decline that was faster, later, and more dependent on medical technology.
Figures S-3 in the supplement I are plots of the secular relation between child mortality and Gompertz slopes in LAC and the HMD countries. To test for sensitivity to right censoring of cohorts, each of the three figures employs a different set of adult age groups to compute the slope (40-59, 40-64, and 40-69) . Table 6 displays a full set of statistics for Model 2 in LAC from regressions that use Gompertz slopes estimated with age group 40-64. Similar inferences follow from results for age groups 40-59 and 40-69 in Tables  S-3 and in Figures S-4 in Supplemental Material I. The panel for LAC shows that coefficients are equally likely to be negative or positive. In contrast, in all five HMD countries the slopes are negative, and birth cohorts that experience lower risks of child mortality also experience more accelerated aging. The negative association between early life mortality and Gompertz slopes is consistent with previous evidence from European cohorts born in both the 19 th century and the early 20 th century (Beltrán-Sánchez, Crimmins, and Finch 2012) . A comparison of cohorts born before and after 1935 in LAC suggests that in all but three of 14 possible contrasts, the slopes are, as expected by prediction 2.2, attenuated and substantially so, with reduction ratios ranging from about 1.1 to 4.5 in males and females alike. However, the magnitude of the attenuation is somewhat larger in forerunner than in laggard countries, a finding inconsistent with global prediction 2.2. Although the comparison between the two periods is less meaningful in the European context, it is interesting to note that there the relation between early mortality and senescence sharpens over time -becoming more negative -rather than attenuating as it does in LAC.
The placebo test requires computation of expected Gompertz slopes in cohorts born in LAC using the relations observed in the European countries. Table 7 displays proportionate differences between predicted (from an equation estimated for Sweden) and observed values of Gompertz slopes for cohorts born before and after 1935 using all three age groups. Figure 6 plots predicted versus observed values of Gompertz slopes using relations estimated in all five HMD countries, whereas Figure 7 contains box plots of the magnitude of proportionate differences for ages 40-59, 40-64, and 40-69. 8 While not perfect, the agreement with prediction 2.2 is quite strong. First, proportionate differences tend to increase in absolute values in more than 90% of the birth cohorts, irrespective of the age group contributing to estimates of Gompertz slopes. In countries where the oldest cohorts are characterized by negative values, the younger cohorts become associated with less negative or positive differences. And in countries where the older birth cohorts are characterized by positive differences, the younger cohorts become associated with much larger positive values. Thus, there seems to be a strong push toward an increase in the difference between what would be expected under the Swedish mortality regime and what is observed, just as prediction 2.2 would have it. Second, differences for the cohorts born more recently tend to be higher in laggard than in forerunner countries. Thus, all five countries with the lowest differences are forerunners and only three of them (Chile, Colombia, and Mexico) display values larger than at most two laggard countries (Mexico). This is consistent with global prediction 2.2.
Finally, Figure 6 reveals two additional features in the placebo test. First, differences between predicted and observed Gompertz slopes behave similarly, irrespective of which HMD country we choose as benchmark. Second, the contrasts produced when using different adult age groups to compute Gompertz slopes are reasonably concordant and lead to similar inferences (see also Table 7 ).Norway 0.02 0.04 0.06 0.08 0.10 0.12
Born after 1935
Note: Proportionate difference is computed as 100*(predicted slope -observed slope)/observed slope. Note: Proportionate difference is computed as 100*(predicted slope -observed slope)/observed slope.
Summary of findings, limitations, and the road ahead
The implications of DOHaD conjectures for aggregate population patterns of human disease, disability, mortality, and aging are poorly understood. In this paper we scratch the surface of what could be a much larger field of research as we only investigate relations involving mortality and ignore morbidity and disability. This is our first effort to sort out consequences of DOHaD for aggregate population patterns and, as such, it has strengths and weaknesses.
Summary of results
We employ a model of relations between early conditions and delayed effects to formulate two predictions that apply to aggregate adult mortality patterns in populations primed for the expression of delayed effects. We define empirical conditions under which such effects could be observed and test predictions with a long time series of cohort mortality in LAC. A somewhat conservative conclusion from the empirical evidence we gathered is that observed patterns are reasonably consistent with expectations from the model's predictions, and that LAC patterns of adult mortality do reveal the footprints that delayed effects are predicted to leave on adult mortality patterns. Indeed, within bounds of uncertainty we disclose explicitly, we find that more recently born cohorts experience both deceleration in survival gains at older ages and distortions in their age patterns, including reduction of the association between child mortality and adult mortality and the attenuation of the rate of aging at older ages. The empirical evidence we retrieved, however, is not water-tight, depends on parameter estimates that are somewhat fragile, and -importantly -can be accounted for with alternative explanations. We address each of these issues below.
Limitations
Our analyses have several shortcomings. First, the model and predictions rest on the simplifying assumption that all mechanisms invoked by variants of DOHaD induce delayed effects that can be bundled together and studied jointly. This assumption is likely to be incorrect, but it is not immediately clear how its violation could bias our estimates of total or gross impacts.
Second, the empirical tests we rely on are based on fictitious, not real, cohort life tables. This is unavoidable as there are no life tables for real cohorts in LAC and only a handful (for birth cohorts born before 1925 in countries with registration systems) in HMD. Construction of life tables for fictitious birth cohorts relies on chaining together yearly mortality rates for single age groups. And while under ideal conditions these estimates closely approximate the mortality trajectory of a real cohort, there can be inconsistencies. To ascertain that inconsistencies do not bias our results, we launched a verification experiment using HMD. The results of this experiment, documented in Supplementary Material II, confirm two regularities. First, life tables for real and fictitious cohorts lead to estimates of mortality patterns that can be characterized by virtually the same parameters and (b) the relation between those parameters in a life table for the real cohort is closely matched by the same relation in the life table of the fictitious cohorts. An added bonus from the experiment that came as a surprise to us is this: Estimates of Gompertz slopes with censored cohorts (with mortality experiences between ages 40-59, 40-64, and 40-69) are strongly correlated (R 2 > .90) with Gompertz slopes using uncensored mortality experiences (ages 40-90). Furthermore, the relations between estimates from uncensored adult mortality experiences and early mortality are reproduced very closely by relations between censored adult experiences and child mortality.
Third, our empirical tests did not account for confounding that was a result of the intrusion of differential improvements in medical technologies that target chronic illnesses related to delayed effects. If, for example, improvements in screening and treatment of T2D -one of the key chronic illnesses associated with adverse early conditions -outpaced improvements associated with chronic diseases that are not related to delayed effects, we would underestimate the importance of the latter and underplay their influence.
Fourth, the empirical tests rely on imperfect data. Due to right censoring of adult mortality experiences in LAC region, we have limited statistical power to test null hypotheses because the number of birth cohorts available for analysis plunges precisely during periods when the adult consequences of delayed effects are more likely to be felt.
Significant right censoring is also a limitation that precludes the use of powerful analytic techniques, such as Age-Period-Cohort models, that support stronger inferences.
Fifth, the classification of countries relies on a blunt tool, namely, the combination of an indicator of timing of mortality decline with a categorization of countries by past mortality experiences. Strictly speaking, the distinction between forerunners and laggards is one that should apply to subgroups or individuals within countries. But we are working with countries and nations and do not have historical data for regions as, for example, the European Fertility Study did. Admitting this weakness, however, should not blind us to the fact that the two criteria we use (timing of introduction of modern medical technology and timing of onset of mortality decline) are unlikely to be off by much. In fact, the year(s) of onset of full dissemination of antibiotics and vaccines cannot exceed 1935-1940. There might be heterogeneity within countries because the timing of full dissemination varies, particularly in populations whose mortality decline begins after [1935] [1936] [1937] [1938] [1939] [1940] . But this heterogeneity is at worst modest. On the other hand, we know with high precision when mortality began to decline in each country and, therefore, in this case at least, we have full information. Using a simple classification of countries, rather than continuous variables, could generate noise, but it is highly improbable that it will cause more extensive damage.
Finally, throughout, we ignored distortions that could be caused by changes in mortality due to accidents and violence, causes of death that have a peculiar profile in LAC countries. Mortality due to violence and accidents is concentrated among males in the age interval 15-40 or so. Over the last ten to fifteen years, these causes have become less important, except in countries like Mexico, Venezuela, and El Salvador. In what ways can these trends affect our conclusions? First, road traffic accidents in Latin American disproportionally involve individuals who drive vehicles and are (or were up until recently at least) a selected group, perhaps less exposed to deleterious conditions early in life. A decrease in these deaths will swell the population that is less likely to have experienced adverse early conditions, thus working against our hypothesis. On the other hand, deaths due to violence disproportionally occur in subpopulations that are more likely to have been exposed to poor early conditions, and a decline in these deaths will have the opposite effect from that of deaths due to violence and will thus operate in favor of the conjecture. The net result is uncertain, and to sort out the exact direction of the bias one would need to use full information on causes of death.
Future research
Future research in this area could proceed along a number of avenues. First, in this paper we explored only the implications for one outcome, mortality patterns, when it is clear that both morbidity and disability and, therefore, healthy life expectancy, must be heavily affected as well. Generalizations to include morbidity and disability will require different formal models and information on health outcomes of diverse nature.
Second, an important area of study is the potentially aggravating impacts on adult health outcomes of mismatches between prenatal and postnatal environments. This is a significant piece of the puzzle, as described by the Predictive Adaptive Response (PAR) variant of DOHaD. Ignoring it, as we did here, underplays the role of delayed effects, especially in countries where delayed effects are expected to be largest.
Any future research on this problem will face an unavoidable obstacle, which we may refer to as "Popper's curse," namely, failure to falsify the theory is not equivalent to successful verification. Falsifying DOHaD conjectures can only produce evidence to reject them, not to confirm them. Concordance between the two predictions and empirical findings is not invoked here to argue the validity of a claim; it is only an indication of absence of inconsistency rather than material proof of the adequacy of the theory. Because the empirical patterns we detect in LAC could be the result of mechanisms other than those embedded in a regime of delayed effects, more robust falsification necessitates different research strategies than the ones we followed here. One of them is analyses of full-information case studies of populations (in countries or regions) that underwent contrasting experiences. These studies should cover all dimensions required for proper tests of DET, including empirical indicators of mismatching and the nature of mortality decline. A second research strategy is to pursue studies of adult illnesses and mortality patterns with multiple birth cohorts exposed to heterogeneous early experiences and in populations with different regimes of secular mortality decline, including timing of onset, nature of mortality determinants, and size of mismatching. Third, comparative studies of older populations that include rich information about early conditions as well as detailed information on chronic illnesses, disability, and mortality, and fielded in populations with disparate epidemiological and mortality regimes, will offer a more robust empirical platform to test the aggregate population implications of DET. the observed slope of adult mortality will be lower than the slope in the baseline mortality pattern (expression (3)).
Association between mortality markers at different ages
Since the magnitude of the attenuation of the rate of decline at adult ages will change nonmonotonically across cohorts, delayed effects will induce correlations between a cohort's early mortality and (i) the levels of adult mortality and (ii) the rate of change of adult mortality with age. In a simplified model where standard frailty δ is distributed as Γ(r, λ) and excess mortality associated with delayed effects is R > 1, the following results apply:
1. The relation between the average force of mortality between an early age x and an adult age ν older than a critical age Y is given bȳ µ(υ, t) =μ(x, t) λ + exp(−γt)Λ s (x) λ + exp(−γt)Λ s (ν, R))ϕ s (υ, x, ε)
where Λ s (υ, R) = µ s (y)dy are the integrated baseline hazards up to age υ with and without delayed effects, respectively. The quantity ϕ s (υ, x, ε) is a factor that transforms µ s (x) into µ s (υ) in a one parameter-model life table, and ε is an indicator of the levels of mortality in the baseline pattern. 10 Because the factor that multiplies the quantity ϕ s (υ, x, ε) in expression (4) is less than 1, an OLS estimate of the regression coefficient of ln(μ(υ, t)) on ln(μ(x, t)) estimated over a set of cohorts will yield a downwardly biased estimate of the population parameter of interest, namely, ϕ s (υ, x, ε). The absolute value of the bias will increase with R and age and decrease over time. As a consequence, the covariance between measures of child mortality and adult mortality should drop for more recently born cohorts 2. Assume that the adult baseline mortality rates follow an exponential law with slope β, that random frailty is Γ(r, λ), and excess mortality associated with delayed effects is R > 1. One can show that the estimate of the slope β will be the regression coefficient in the following expression µ(y, t) = µ s (x * ) exp(β(y − x * )) r λ + exp(−γt)Λ s (y, R)
where x * > Y is the age of onset of the exponential law of mortality. It follows from first principles that the OLS estimate of β from the above expression will be downwardly biased, the bias will be larger when R is larger, and will decrease as t → ∞. The consequence of this is that β should decline over time in cohorts influenced by the secular mortality decline and, in addition, the covariance between a measure of child mortality and β should be positive. (60) hovers around 18 years -as it currently is in most LAC countries -the E(60) implied by a value of β = .9 in the absence of delayed effects is 18*1.19 = 21.4 years but only 18*1.041 = 18.73 when there are delayed effects. This represents gains foregone of around 15% (close enough to 16% as implied by the expression). These magnitudes will of course vary with the value chosen for x. For our purposes, however, this is unimportant since we are trying to offer a more transparent interpretation of the estimates of the β s (with and without delayed effects) rather than compute exact values of gains or losses in life expectancy implied by them.
Approximation to the variance of gains foregone
A general version of the approximation to the proportionate gains/losses of life expectancy at age x imputed to absence/presence of delayed effects and embedded in the expression relating M (x, t) and M (0, t) is π(x) ∼ E(x) * exp((β 1 − β 2 ) * .20)
where E(x) is the entropy of the survival curve most suitable to represent the age pattern of mortality of various cohorts. The approximation only works if:
(i) (β 1 − β 2 ) is small, (ii) the relation between M (x, t) and M (0, t) specified above holds for all ages above x, and (iii) the period of observation is 20 years.
The variance of π(x) can be approximated by the Delta-method as Var(π(x)) ∼ .04 * E(x) 2 (Var(β 1 )+Var(β 2 )).
